The mechanical behavior and failure evolution of steel-confined and unconfined reinforced concrete RC columns are investigated under quasi-static loading through acoustic emission AE signal. The excellent hysteresis response, lighter damage characteristics and delayed catastrophe of steelconfined RC columns are verified. Characteristic AE parameters were obtained during the test process, AE monitoring results indicated that the progressive deformation of the test specimens occurred in three stages representing different damage conditions. Extended AE features, including damage severity, modified cumulative signal strength ratio, sentry function, and b-value are calculated to evaluate the damage growth, failure mechanism, and estimate the critical points. The synthesis analysis of multi-indicators mutual verify, overcome the disadvantages of using single-indicator evaluation, and successfully be used to determine the complex damage properties, identify damage statuses, and provide critical warning information for steel-confined RC columns.
INTRODUCTION
Civil engineering structures are usually subjected to various damages due to natural disaster, material deterioration and flaws in design, etc, which affect structural safety, applicability, and durability. Steel tubes have been widely used to protect against shear failure and improve the ductility and loading capacity of concrete structures because of their high strength and favorable workability Wu et al., 2006 . Casing tubes function as formwork and protective jackets show extensive applications in civil engineering for anti-earthquake purpose Han et al., 2009 . Compared with traditional RC columns, the new column possesses a highly complex and sheltered failure mechanism by combining steel tubes, concrete, and steel rebar. The wide use of steel-confined RC columns in infrastructures and safety-critical structures emphasize the necessary of developing applicable techniques for continuous structural health monitoring SHM and damage evaluation.
In traditional structural health monitoring SHM , it is difficult to know the exact damage location if sensors are not placed in the particular location where damages appear, damages may occur without warning. The use of monitoring strain gauges and piezoelectric ceramics is usual for civil structures. However, these utilizations directly embedded in concrete cause some initial defects, and do not provide satisfactory results due to the relative dimensions of sensors to concrete aggregates, bonding quality, and pouring condition. B-value analysis has been used to determine the frequency-magnitude distribution of earthquakes. A close analogy was observed between the earthquake sequence within the Earth's crust and the transit AE wave in solids, thus, the method has also been extended to AE data processing Carpinteri et al., 2011 . Farhidzadeh et al. 2013 calculated the b-value to investigate the progression of cracks in reinforced concrete shear walls. Sagar 2016 conducted a b-value analysis to evaluate the fracture process in RC beams and found that the damage parameter D increased sharply to a high value as the b-value decreases. Stavrakas et al. 2016 introduced the improved bvalue analysis for quantitative evaluation and pre-failure indicating of cement mortar Specimens
In this study, quasi-static loading tests were conducted on steel-confined and unconfined RC columns. Multiparameter analysis of AE features was performed to achieve a reliable evaluation. Five analytical methods were applied to evaluate the structural integrity and analyze the damages mechanisms. The five methods are: 1 AE parametric analysis, which was used to examine the damage process; 2 modified CSS ratio, which provide critical warning information; 3 intensity analysis; 4 sentry function, which show energy conversion and dissipation, and 5 b-value analysis, which provide quantitative information on structural integrity and damage severity.
DATA PROCESSING METHODS
In traditional AE detection, characteristic AE features e.g., amplitude, energy, duration, rise time, counts and frequency are extracted to analyze the micro failure mechanisms of different materials. AE amplitude, duration, and counts depend on the magnitude of material degradation and contain information on the crack modes. The released energy embodies the growth of micro cracks, and the closure and friction of internal micro defects. AE energy evolution and dissipation in materials are important in damage assessment Meng et al., 2016 . In this study, the fundamental AE features are energy, amplitude, and signal strength. Datt et al. 2015 provided a thorough description of these AE features.
Damage severity Sr , shown in Equation 1 , weighs the average value for a certain number of hits generally 100 or 200 having the highest signal strength. A rapid increase in damage severity is typically associated with the occurrence of significant damages.
where Sr t is the severity at time t, S Oi is the signal strength of the i-th hit, and k is an empirically derived constant based on material type and varies with the number of hits.
CSS ratio evaluates the well-known Kaiser Effects Sagar et al., 2015 , and is positively related to the damage level. It is defined as the ratio of cumulative signal strength during reloading to that during the initial loading Equation 2 Ziehl and Ridge, 2006 . However, the reloading stages are difficult to identify for the present loading scheme. Therefore, we proposed the modified CSS ratio Equation 3 to characterize the real-time stability of test columns.
CSS ratio CSS during reloading / CSS during initial loading 2
Modified CSS ratio CSS during unloading / CSS during loading 3
The sentry function based on the idea that during the loading process a material is able to store strain energy, and at the same time part of the stored energy is released due to the internal failures. The AE energy represents an important part of the released energy, and can be used to weight the energy storing capability. The proposed function generally compare the natural logarithm of the ratio between the stored strain energy E s and the released acoustic energy E a , where x is the test driving variable usually displacement or strain , see in Equation 4 Selman et al., 2015 .  
The meaning of the function f x is the simultaneously balancing of mechanical strain energy and AE energy. Depending on the failure mechanisms of the material, the f x can have any combination of the five shapes see in Figure 1 Selman et al., 2015 : increasing PI , sudden drop PII , constant PIII , decreasing PIV , and sometimes a bottom-up function BU . The increasing trend PI x is due to storing of strain energy without prominent damages. The sudden drops PII x occur when an important damage takes place. The constant behavior PIII x is Fangzhu Du et al. Failure behavior monitoring and evaluation of steel-confined reinforced concrete columns by acoustic emission under quasi-static loading Latin American Journal of Solids and Structures, 2018, 15 11 , e132 4/18 corresponding to a progressive energy storing superimposed on an equal material damage progression. The decreasing function PIV x indicates that the released energy tends to overcome the energy storing capability, this is a sign of major failure. And the button-up function, related to the instantaneous energy storing capability induced by strengthening events, such events can be caused by self-healing, fiber reinforcement, and hardening, and so on. The b-value used in seismology is determined based on the Gutenberg-Richter relationship, the GutenbergRichter equation for AE can be modified as follows Farhidzadeh et al., 2013 .: Stiffness refers to the ability of a structure to resist deformations when stressed under external loading. Structural stiffness degenerates due to concrete cracking and steel yielding; thus, stiffness is also a good indicator of the damage status. In this study, the equivalent stiffness of each deformation level is defined as the average ratio of positive and negative maximum load to the corresponding displacement.
DESCRIPTION OF THE EXPERIMENT

Specimen fabrication
To provide convincing guidance for the practical application of AE-based damage monitoring and assessment, two set of large-scaled column-footing assemblages with cross section of 300 300 mm were fabricated. For each group, with three specimens, and one of the set were confined by steel tubes. Each tested specimen has a height of 1950 mm. The designed RC footing and rigid block are used for the convenient of anchoring and load application. Detailed construction information on the columns is shown in Figure 2 , where the longitudinal and hoop reinforcement ratios are 1.71% and 0.68%, respectively. Four chamfers with a radius of 60 mm were created to facilitate steel retrofitting. The C40 commercial concrete was obtained from Dalian Longyi Building Materials Ltd. Detailed properties of the material are shown in 
Experimental facilities and loading scheme
The test setup was special designed to test column-footing assemblages subjected to combined constant axial and quasi-static loads. The axial compressive load was applied to the test units by a hydraulic jack, and the reciprocating lateral load was applied at 150 mm left of the beam's free end by an electro-hydraulic servo actuator, which was installed on the reaction wall. The actuator was made by Beijing Fluid Control System FCS Corp., with maximum load capacity of 1000 kN and maximum static stroke of 300 mm. Steel rollers were fabricated to allow rotation at all directions. Each column was designed to monitor the applied loads, corresponding strain, and lateral deformations along the height of the column. A calibrated load cell was used to measure the axial pressure, and displacement meters are set to determine lateral displacement. Electrical-resistance strain gauges were bonded on the surface of the test specimens and rebars to record the strain response. The experiment facilities and data acquisition system are shown in Figure 3 . During the test, the bi-axial loading vertical and lateral was applied to the test specimens. The designed axial load amounted to 1013 kN calculated from Equation 6 was first applied, then the reciprocating lateral force symmetrically applied by displacement control, and maintained for unconfined and steel-confined RC columns, respectively, as shown in Figure 4 . Single-cycle loading was conducted at 4 mm corresponding to the theoretical yielding displacement Dilger, 2011 and 8 mm. Then the loading step was set to be multiples of the yield displacement, and two cycles were conducted at each step. When the lateral loading decreased to about 60%-70% of the ultimate lateral loading, the test was terminated. The SAMOS data acquisition system from American Physical Acoustics Corp. was used to record AE signals during the failure of the test columns. Four R-15a AE sensors were mounted on both sides of the columns, by using Vaseline as coupling agent, which at a sensitive bandwidth of 50-250 kHz Figure 3 . Before each test, the AE data acquisition system was calibrated through the pencil-lead break procedure to ensure that the AE transducers were well coupled and had the same sensitivity Loutas et al., 2006 . The threshold of the AE acquisition system was fixed at 45 dB throughout the monitoring process to avoid ambient disturbance. The sampling frequency was set to 1 MSPS. The hysteretic results and AE responses of all test specimens are recorded and shown in Table 4 , given that no significant differences are observed among members of the same test group, we focus on the test results of specimens QSS001 and QSS301, which represent unconfined and confined RC columns, respectively. The hysteresis loops of the applied lateral load versus the corresponding free-end displacement are shown in Figure 5 . Figure 6 provides a comparison of the stiffness degradation of specimens QSS001 and QSS301. The asymmetry of the loaddisplacement curve is attributed to the anisotropy of concrete and the slight movement of the steel reinforcement during the casting process. The damage patterns of test specimens are shown in Figures 7 and 8. The tests showed that the unconfined RC column QSS001 developed relatively stable hysteretic hoops Figure 5 a . In the first two cycles, the lateral load linearly increased, and almost no residual deformation. In the third and fourth cycles 12 mm , the first horizontal crack appeared 150 mm from the bottom of the column, followed by the second horizontal crack 350 mm from the bottom. The lateral load increased gradually, and concrete cracking and steel yielding led to the stiffness degradation. When the control displacement reached 16 mm, the corresponding load reached its peak. A new horizontal crack occurred 600 mm from the footing and extended toward the neutral axis, besides, cracks developed within the plastic hinge region, and the residual deformation was significant. With the sustained increment in the control displacement 20 mm , no rapid reduction in load carrying capacity was observed. However, the stiffness of the tested specimens exhibited a sustained decrease, accompanied by cracks tensile and shear that were developed near the plastic hinge. The concrete cover began to spall Figure  7 b . When the control displacement reached 24 mm, lateral loading entered into an obvious descending branch. The cracks within the plastic hinge further developed, and the concrete cover increasingly expanded and peeled. Subsequently, lateral displacement increased, and lateral loading capacity decreased continuously. Furthermore, the hysteresis loops became unsmooth, the stiffness seriously degenerated, shear cracks appeared on the RC footing, concrete within the plastic hinge and chamfered region crushed, and the steel bars became exposed Figure 7 c . These occurrences indicated that severe damages occurred in the column-footing assemblages. The test was terminated at a lateral displacement of 32 mm. These phenomena demonstrated that final failure of the unconfined RC columns was caused by tensile and shear damages on the column-footing joint.
The damage patterns of the steel-confined RC columns QSS301 were different from those of the unconfined RC columns. As shown in Figures 5 b and 6 , the steel-confined RC columns developed an improved ductile hysteretic response, high initial stiffness, and slow degradation rate. Excellent energy absorption and dissipation were reached at a total lateral displacement of 80 mm smoother than QSS001 . During the first two cycles, the lateral load linearly increased, and no residual deformation was observed. With the sustained increment in lateral displacement, the lateral loads increased slowly, the steel tube and bars began to buckle, and the hysteresis loops became fusiform-like. The maximum lateral load of 160.2 kN approximately 23.7% higher than that for the unconfined column was noted at the control displacement of 24 mm. The residual deformation was significant, and stiffness degraded about 68.2%. Subsequently, lateral displacement increased, whereas stiffness degradation and loading capacity decreased gradually. The hysteresis loops became abundant, and no concrete around the column-footing joint peeled Figure 8 b . When the lateral displacement was 56 mm, the corresponding loads decreased to about 83.2% of the ultimate loads. The hysteresis loops became increasingly saturated, the RC footing began to exhibit local cracks, and little concrete crushed within the plastic hinge. The test was sustained until the lateral displacement reached 80 mm 61.3% of the ultimate load , and the global stiffness degraded about 94.2%. After the stripping of the steel tubes, the swelled surface concrete was found around the column-footing joint, but no obvious horizontal cracks were noted. The concrete could be easily removed, and steel bars were exposed as expected, see in Figure 8 c . Owing to the strong footing and steel constraints, most of the damage on specimen QSS301 was concentrated at the bottom of the column, especially within the plastic hinge region.
These observations indicate that premature failure of RC columns was delayed by using steel tubes as protective jackets, as demonstrated by the improved hysteretic responses and increased ductility of the steel-confined RC columns. Although the global stiffness of the steel confined RC columns degraded rapidly during the first few loading cycles, the decelerated degradation of residual stiffness and good ductility of the steel tube resulted in the excellent deformation performance. We conclude that the delayed failure and improved ductility were achieved by sacrificing structural stiffness will be discussed in the following chapter . The increase in maximum lateral load Fangzhu Du et al. Failure behavior monitoring and evaluation of steel-confined reinforced concrete columns by acoustic emission under quasi-static loading Latin American Journal of Solids and Structures, 2018, 15 11 , e132 9/18 and initial stiffness of the steel-confined RC columns can be attributed to the fact that the steel tube restricted the expansion of the core concrete. 
AE observation and analysis
During the pseudo loading test, the column-footing assemblages underwent a process of accumulated damages, and a large number of AE activities were recorded. To obtain a precise understanding of the fracture evolution in the specimen, Figures 9 and 10 provide the lateral load versus cumulative AE energy and amplitude distribution. The peak numbers of the AE hits coincide well with the peak values of the lateral loads. Large AE hits were recorded in the vicinity of the peak load within a certain loading level, this result is easy to be understood because the specimen subjected the most severe damages at the peak load. In addition, the experimental failure mechanism of the test specimen was examined in each loading cycle for comparison with the AE response. The damage evolution of the unconfined RC columns was divided into three stages, marked in Figure 9 . In stage 1 first one or two cycles , AE amplitude maintained at less than 80 dB, and nearly no accumulation of AE energy. The crack intensity of the column was weak, only slight damages occurred. The specimen yielded in stage 2 before the ultimate load , and a large number of AE hits occurred in the vicinity of peak displacement. The cumulative AE energy increased steadily corresponding to the stable development of the initial cracks Figure 7 b . In stage 3, the lateral loads continuously decrease, and structural stiffness degraded rapidly. A large number of AE hits higher than 80 dB appeared around the peak load. AE energy accumulated at a high rate, indicated that the columnfooting assemblages were damaged into an unstable condition crack connection and concrete crush , demonstrated by the severe damages and unsmooth hysteresis loops.
Compared with the unconfined columns, the steel-confined RC columns exhibited excellent ductility and loading capacity. And significant discrepancy in the AE response was observed in Figure 10 . The total accumulated AE energy of specimen QSS301 was about 1.6E6 attojoules 10 -18 J , which is only one-fifth of that of specimen QSS001.
The combination of minimal dissipated energy and AE hits Table 4 indicated that lighter damages occurred in the steel-confined RC columns, which was achieved by sacrificing a large proportion of stiffness. Similarly, the damage evolution of the steel confined columns also occurred in three stages, marked in Figure 10 . In stage 1, almost no accumulation of AE energy. In stage 2, AE energy accumulated increasingly and AE activities became substantial, whereas the lateral loads increased gradually and the specimens yielded. During this stage, the core concrete was under three-dimensional compression, which resulted in high global stiffness and strength, so large amount of energy was required to deform the steel-confined columns. In stage 3, AE energy accumulated constantly, and the lateral load decreased steadily in a wide deformation range. Stiffness degraded severely, but no vital damage occurred due to the excellent ductility and constraint effect of the steel tube.
The AE responses and observed damage patterns during the quasi-static tests implied that stages 1, 2, and 3 related to different stress levels and damage severities. Therefore, further investigation was conducted to quantitatively determine the damage severity of test columns in accordance with the proposed damage indicators. The damage severity Sr of each deformation level was calculated for all the test specimens, as shown in Table   5 . Figures 11 and 12 show the increasing trend of damage severity versus loading history and stiffness degradation for the unconfined and confined RC columns, respectively. For the unconfined RC columns, damage severity linearly increased until the maximum lateral loads. The internal steel rebars prohibited the interpenetration of existing cracks. Subsequently, the exponential increment in damage severity and the continuously degraded stiffness indicated that severe damages occurred in the unconfined columns. By comparison, the Sr value of the steel-confined RC columns was approximately one-seventh of that of the unconfined columns, means lighter damages occurred in the steel confined RC columns, and can provide quantitative information for damage severity. The rapidly increase in damage severity and accelerated stiffness degradation corresponding to the first two damage stages of the steel confined RC column. Thereafter, in stage 3, the decelerated increment in damage severity and the gradual stiffness degradation denoted the progressive development of damages in the core concrete within a large deformation range. Notably, the variation in the calculated damage severity exhibited a similar pattern as cumulative AE energy and stiffness degeneration. These indicators mutually verify and effectively illustrated the damage evolution and failure mechanism of steel-confined RC columns. Cycle  1  2  3  4  5  6  7  8  9  10  11  12  13  14 Given its quantitative superiority, the modified CSS ratio was calculated according to Equation 3 for each deformation level see in Table 6 . Figures 13 and 14 show the modified CSS ratio fluctuation combined with loading history for unconfined and confined RC columns, respectively. The observed fluctuation of the modified CSS ratio was also in accordance with the three evaluated stages. For the unconfined columns, the modified CSS ratio maintained at a low value less than 0.3 during the first two cycles, but presented an increasing trend since the third cycle. The main reason was that the closure and friction of existing micro cracks during the unloading stage generated some AE hits. Subsequently, the calculated modified CSS ratio promptly rose and reached its peak value around the ultimate loads, thereafter, maintained at higher than 0.7. the accelerated development of damages caused the sustained high value of the modified CSS ratio for the unconfined RC columns. Fangzhu Du et al. Failure behavior monitoring and evaluation of steel-confined reinforced concrete columns by acoustic emission under quasi-static loading Latin American Journal of Solids and Structures, 2018, 15 11 , e132
13/18 Cycle  1  2  3  4  5  6  7  8  9  10  11  12  13  14 Compared with the situation for the unconfined columns, a difference was observed after the peak value of the modified CSS ratio for the steel confined columns. The calculated modified CSS ratio decreased to a low value less than 0.7 corresponding to the evaluated third stage. This result could be due to the progressive damage development caused by restrained concrete expansion and crack initiation for the steel-confined RC columns. Besides, the modified CSS ratio increased to above 0.3 during the yielding stage, and could be a good warning indicator for structural yielding.
Failure evaluation through sentry function and b-value analysis
Figures 15 and 16 provided significant discrepancy of sentry function for unconfined and confined RC columns. Due to the strengthen effect of steel tube, the energy storage ability of the confined columns was improved, and less energy dissipated. Thus, the function value of the confined columns is higher than the unconfined columns. Considering Figure 15 , the increasing trend PI presented at Stage 1, in this phase, the unconfined columns constantly absorb energy, and the dissipated energy increased slowly, nearly no accumulation of AE energy. The sudden drop PII and constant PIII corresponding to Stage 2, this stage specifies the ability of material to store energy reaches its limit, and large amount of energy dissipated due to damage progression. The sudden drop occurred at nearly the maximum load because of the stored mechanical energy was suddenly released producing high energy AE waves, indicated that important damage occurred to the columns. Whereas, no significant drop of lateral load due to the reinforcement of steel bars. The decreasing of sentry function PIV corresponding to Stage 3, high amount of AE activities occurred and the dissipated energy surpass the energy storage ability. Main part of the decrease is caused by continuously development of macro cracks, cracks connection, and fractures in concrete body. During the failure process, the stored energy released under static loading conditions is mostly converts to surface energy, causing concrete cracking and coalescence. Variation of stored energy reflects the energy transition, which drives the structure instability and damage growth.
As seen in Figure 16 , the sentry function of steel-confined RC columns exhibit a constantly increasing trend PI , representing the prolonged energy storing phase. During the first two stages, the function value increased in a higher rate, because of most energy was absorbed. Only slight damages occurred that caused little energy dissipation. With the increasing of the control displacement, the ability of material to store energy reached its limit, and the dissipated energy significantly increased due to damage progression, characterized by the notable increasing of AE energy. Hence, the slope of the function decreased in Stage 3. However, the increasing function sustained until the test is terminated, implied that the steel tube restricted the development of concrete expansion and initial defects, the energy storing is always dominated during the whole test. No major failure occurred to the confined columns. It is granted that if the test was continued, other function shapes including sudden drop PII , constant PIII , and decreasing PIV will certainly appear.
During the quasi-static test, each b-value was calculated based on 1000 AE hits according to Equation 5 reciprocating loading process, and fluctuated in a large range 0.6-1.8 . The descending trend to each deformation level was apparent. In stages 1 and 2, the b-value was sparse and maintained at above 1.0. This condition indicated the stable development of any existing damages. In stage 3, the b-value became dense and significantly decreased to less than 1.0 when the controlled displacement reached a new level. The main reason was that the most severe damage occurred at peak displacement. The final failure of the unconfined RC columns was corresponding to a lower b-value of 0.6. For the steel-confined RC column, the b-value also changed up and down during the whole loading process, but fluctuated in a smaller range 0.9-1.7 . The descending trend of the b-value was unobvious, especially during the first two stages, due to the strong constraint of the steel tube and stable development of concrete damages. However, low b-values less than 1.0 were finally observed in the last few cycles, implying that the columns entered an initial failure state. In summary, sentry function focused on the damage evolution and energy transition of the test columns, bvalue analysis concerned in the quantitative evaluation of damage severity, and the modified CSS ratio showed to be a good indicator of initial yielding and damage activity. Therefore, the combination of sentry function, modified CSS ratio and b-value analysis become a viable alternative means to quantitatively evaluate the failure evolution, determine damage severity, and provide early warning information for composite structures.
CONCLUSIONS
With the AE technique, the damage evolution and failure mechanisms of the steel confined and unconfined RC columns were monitored. Three typical damage stages were evaluated based on AE energy variation and loading Fangzhu Du et al. Failure behavior monitoring and evaluation of steel-confined reinforced concrete columns by acoustic emission under quasi-static loading Latin American Journal of Solids and Structures, 2018, 15 11 , e132
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history. Post-processing of the monitoring results provided experimental evidence on the validity of AE technology as an in-situ assessment tool for composite structures. The following major conclusions are obtained.
(1) Damage patterns and hysteresis response of steel confined RC columns are quite different from that of the unconfined RC columns. The steel-confined RC columns exhibit excellent energy consumption, higher stiffness, and lighter damage characteristics, demonstrate the practicality of the proposed structure frame. (2) Typical AE features, such as amplitude, cumulative energy, and damage severity, effectively reflect the hysteresis loading process and stiffness degeneration. The failure process of steel confined RC columns is evaluated into three stages, play an important role in the prevention and control of dynamic disasters. (3) Critical failure results in the increasing of AE energy accumulation and damage severity, and the b-values decreased to lower than 1.0.
Furthermore, the newly proposed modified CSS ratio increased to above 0.3 during the yielding stage and could be a good indicator of initial yielding and early warning for catastrophe. (4) Sentry function is proved to be a reliable method in steel confined RC columns, that can be used in observe their energy transition and damage mechanisms. Integrated analysis of multiple parameters effectively characterized the damage properties, and successfully identified the critical points for steel confined RC columns.
Notably, these conclusions were reached with limited experimental data, and a combination of experimental and practical studies is still required. The high sensitivity and easy application of the AE technique when well-established condition-assessment algorithms are applied make the technique a viable candidate for SHM and prognosis of in-service structures.
